In her study published in this journal, Newlin-Kukowicz (2012) calls into question the existence of bidirectional stress systems. The argument hinges on the failure to detect acoustic correlates of word-internal subsidiary stress in Polish, the language hitherto considered to be a classic example of metrical bidirectionality. This paper reappraises the issue, reporting on an acoustic study of paired five-and six-syllable words in Polish (e.g. $pomido!rowy -$pomi$doro-!wego). The results indicate that the words differ significantly with respect to relative consonant duration (PVI values) in the onset of the third syllable, depending on whether the syllable bears subsidiary stress (as in six-syllable words) or remains unstressed (as in five-syllable words). Similar effects are reported in the initial syllable, but not in the second syllable, which remains consistently unstressed. The conclusion is that Polish has iterative stress, corroborating its traditional description as having a bidirectional stress system.
Introduction
In the phonological literature, Polish has been described as having a bidirectional trochaic stress system, with main stress on the penult, and iteration of subsidiary stresses from the left, as illustrated in (1).
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Foot parsing in Polish: standard view
Even-parity words are parsed exhaustively into feet, as in (a) and (c). Odd-parity words exhibit lapses adjacent to the penult, as in (b) and (d). The iterative nature of subsidiary stress can be seen in (c) and (d) , and the bidirectional character of the stress system can be inferred from (b) and (d). These characteristics have been widely reported, and are explored both in traditional descriptions and theoretically oriented studies (e.g. D…uska 1974 , Rubach & Booij 1985 , Halle & Vergnaud 1987 , McCarthy & Prince 1993 , Kraska-Szlenk 2003 , McCarthy 2003 . A lapse adjacent to primary stress in odd-parity words is in accordance with Kager's (2001) claim that subsidiary stresses in bidirectional systems iterate towards the peak, not towards the opposite end.
The iterative nature of Polish stress is questioned by Newlin-Kukowicz (2012) ; in an acoustic study only one level of prominence -main stress on the penult -was detected in polysyllabic words containing a single lexical root, as well as in certain compounds. 1 Some prominence effects were also found in word-initial position, but are interpreted as 'boundary effects' caused by an amplitude-declination pattern unconnected with stress (2012: 301-302 ).
An important caveat is that Newlin-Kukowicz's study of single-root words is based on four-, five-and six-syllable words, like the examples in (1a-c). Seven-syllable words such as (1d) are not included. In addition, interpreting word-initial prominence as a word-edge effect makes fourand five-syllable words uninformative with regard to the iterative (or bidirectional) characteristic of the stress pattern, because subsidiary prominence invariably coincides with word-initial position in these words. Thus the argument against the iterative (and, by implication, also bidirectional) character of the Polish stress system hinges solely on the apparent absence of acoustic markers of word-internal subsidiary ('tertiary') stress in six-syllable words. If the third syllable in six-syllable words is defined as acoustically weak, and word-initial prominence is not interpreted as metrical prominence, all the structures in (1) are left unparsed, except for the rightmost feet carrying primary stresses, as shown in (2).
(2)
[ss ('ss This has far-reaching typological and theoretical consequences. Not only does it call into question previous phonological descriptions and analyses of the Polish metrical system, but it also casts doubt on the existence of bidirectional stress systems in general. This is because Polish is considered to be 'the only uncontested example of a bidirectional system with internal lapses' (Newlin-Kukowicz 2012: 271) . If bidirectional systems with lapses are illusory, the theoretical tools developed to account for such systems must also be inadequate.
There are several reasons to doubt the validity of the acoustic results on which the above conclusion was based. The results were obtained with methods used in investigating both primary and secondary stress, on the assumption that primary and secondary prominence are two degrees of the same phenomenon, cued by the same (sub)set of acoustic parameters. 2 These methods, based on raw (or standardised, i.e. log-transformed) measurements of vowel parameters (F0, intensity, duration) and powerful inferential statistics (such as linear mixed-effects modelling), can produce robust and meaningful results; see for example Plag et al. (2011) for an acoustic study of primary and secondary stress in English. However, they are not universal, and may not be applicable to all subsidiary stress data. This becomes immediately apparent when some earlier reported characteristics of the Polish rhythm are taken into account. First, in the case of Polish, focusing on vowel parameters can hinder detection of a pattern which, according to an empirical study by D…uska (1932) , hinges mostly on the duration of onset consonants. Second, segments and syllables in longer words tend to be produced at a higher speech rate in Polish (e.g. D…uska 1932: 9) . Thus, in raw terms, the third syllable of a six-syllable word (bearing tertiary stress) will not necessarily be longer than the third (unstressed) syllable of a five-syllable word. However, we do expect the relative lengths of the third and the second syllables to be significantly different in six-syllable vs. five-syllable words, depending on whether the third syllable is stressed or unstressed. This suggests a different approach, based on relative (or normalised) measures, 3 akin to 2 Acoustic studies of secondary stress are rare. In the majority of acoustic studies of stress, the focus is on drawing a distinction between stressed and unstressed syllables, ignoring lower degrees of stress. 3 To clarify, in the case of intensity and pitch, the mere change from a linear to a logarithmic scale does not create relative measures that would allow for direct comparison existing rhythm metrics. Third, rhythmic stress in Polish is commonly described as optional; it can be omitted in fast speech (D…uska 1974 : 27, Rubach & Booij 1985 . This makes its detection even more difficult, as it can reduce the average difference between stressed and unstressed positions to a negligible level. In addition to the methodological concerns expressed above, there is yet another potential factor that can make the detection of subsidiary stress in Polish impossible. Standard Polish is known to exhibit subtle phonological variation, depending on location. D…uska's (1932) study of 'consonantal rhythm' is based on data from Warsaw and Krakow Polish (central and southern Poland); speech from other regions was deliberately excluded. In Newlin-Kukowicz's (2012) study, eight speakers were natives of Bytów, a small town near GdaÑsk (northern Poland), and the remaining two were lifelong residents of PoznaÑ (western Poland). It is impossible to assess the weight of the regional factor without prior research on potential regional variation in metrical patterns in contemporary Polish. However, such research, although interesting from the point of view of Polish dialectology, is irrelevant from the point of view of the issue at hand, i.e. whether Polish has lower degrees of stress, as claimed in traditional studies. It can be settled simply by looking at data from Warsaw and/or Krakow Polish, because these are the variants on which the traditional claims were made. In the light of these potential problems, in this paper I reconsider the issue of the phonetic grounding of tertiary stress in Polish. I report on an acoustic study of 68 paired five-and six-syllable words, e.g. $pomido-!rowy 'tomato (NOM SG ADJ)' and $pomi$doro!wego 'tomato (GEN SG ADJ)', collected in a word-list reading task from ten native speakers living in Warsaw. The results indicate that five-and six-syllable words differ significantly with respect to relative consonant duration (expressed in terms of the Pairwise Variability Index (PVI); e.g. Low et al. 2000 , Ballard et al. 2010 , Arciuli et al. 2014 in the onset of the third syllable, depending on whether the syllable bears tertiary stress (as in six-syllable words) or remains unstressed (as in five-syllable words). The statistical results obtained through linear mixed-effects models indicate that the consonant is significantly longer with respect to the preceding vowel in six-syllable words. Importantly, no similar effect is reported in the onset of the second syllable, which remains consistently unstressed. A comparison of the onsets of the third and second syllables (in terms of consonantal across speakers and tokens, but only reflects the fact that perception does not work linearly (the Weber-Fechner Law). Relative measures are ratios with a raw value of the parameter in the numerator and the 'local' mean (rather than the absolute threshold value) in the denominator. The local mean can be the mean value of a given parameter within a word, a phrase or a sequence of adjacent units, depending on the domain in which prominence relations are to be captured (cf. Beckman 1986 , Levi 2005 , Kukaszewicz & Rozborski 2008 , Malisz & Wagner 2011 -12, Arciuli et al. 2014 . Needless to say, the calculation of relative measures for intensity and F0 normally also involves standardisation of the ratios in decibels and semitones respectively. PVIs) in five-and six-syllable words further confirms the hypothesis of relative lengthening of consonants in the stressed position. In addition, the investigation of vowel parameters -intensity, F0 and duration -indicates that the third vowel does not exhibit statistically significant differences depending on stress. Finally, overall comparisons of consonantal and vocalic PVIs in three conditions (secondary stress, tertiary stress, no stress) further corroborate the hypothesis that Polish has consonantal rhythm.
The above results have clear implications for phonological theory. Contrary to Newlin-Kukowicz's claim, the Polish stress system is iterative, which makes the argument against bidirectional systems invalid. Interestingly, primary stress and subsidiary stress need not be signalled by the same set (or hierarchy) of acoustic parameters, which may be relevant from the point of view of a metrical theory which distinguishes lexical accent from rhythmic beats (cf. van der Hulst 2014).
This paper is organised as follows. §2 discusses the methods and findings of previous acoustic studies of subsidiary stress in Polish, focusing on the choice of acoustic cues and the issue of data comparability. §3 states the hypotheses tested in this study, and describes the methodology of the experiment. §4 presents and discusses statistical results, and §5 considers theoretical implications of the acoustic analysis and briefly addresses some methodological issues which are relevant from the point of view of defining lower degrees of stress in acoustic terms. §6 summarises the conclusions and implications for future research.
Previous instrumental studies
The trochaic rhythm of Polish polysyllabic words, with a lapse immediately preceding the penult (primary stress) in odd-parity words, has been extensively explored in the phonological literature (e.g. D…uska 1974 , Rubach & Booij 1985 , Kraska-Szlenk 2003 , but there have been few instrumental studies directly addressing its phonetic underpinnings. The few sources available include D…uska (1932) , Dogil (1999) and Newlin-Kukowicz (2012) . A striking observation about the previous research is that, despite the obvious advance in instrumental techniques and statistical methods from which more recent studies benefit, the only successful detection of acoustic markers of subsidiary prominence is reported in D…uska (1932) , an early empirical study using a crude kymograph and simple manual calculations. Importantly, independent of the instrumental apparatus, there are two prime methodological issues that differentiate D…uska (1932) from the more recent studies: (i) the choice of potential acoustic cue(s) to secondary stress, and (ii) the issue of data comparability (i.e. making allowance for the relative rather than the absolute nature of stress). Because there is no doubt that the success or failure of a particular acoustic analysis may be determined by such initial methodological assumptions, the aim of this section is not only to present previous findings on Polish subsidiary stress, but also to pinpoint potentially relevant methodological differences among the studies. A detailed comparison of different approaches provides the background for the methodological choices in the present study. D…uska (1932) reports on an optional pattern of alternating stresses in polysyllabic words, with syllable prominence marked by greater duration of the consonant in onset position, determined by a kymographic analysis. Duration measurements were based on more than 500 words of different length, occurring in different sentences, and read by five native speakers of the Warsaw or Krakow standard. No information is given about the exact number of tokens, but the majority of items were produced by two informants, who read more than 100 sentences, repeating each sentence at least twice. The sentences were recorded on a kymograph, with the time scale established by a tuning fork vibrating at 100 Hz. Measurements were accurate to 5 ms (corresponding to a half-cycle of the tuning fork). On average, the differences between the stressed and unstressed onset consonants were reported to be between 10 and 40 ms (1932: 71) . Raw duration values were compared directly within a single token. On the basis of these comparisons, general observations were made about the relationship between consonant duration and prosodic position. The results identified two positions to which prosodic prominence was invariably anchored in Polish: initial position (secondary stress) and penultimate position (primary stress) (1932: 21) . In addition, lengthening of the onset of the third syllable was observed, especially when the syllable was not immediately followed by main stress. We may thus infer that lengthening in the third syllable occurred in six-syllable and longer words, but not in five-syllable words.
What seems to be of vital importance is not only the choice of consonantal duration as a potential acoustic cue to stress, but also the type of consonantal material selected for comparison. D…uska's study compared identical consonants occurring within the same prosodic word, e.g. perorowa≈ ["pErO'rOvatç] 'to sermonise', wyLadowujˉ ["vîwadO'vujÚz] '(they are) unloading', zakomunikuj˜["zakO"mu¿i'kujE] '(I will) announce', niepowetowana ["¿EpO"vEtO'vana] 'irreparable (NOM SG FEM)'. The method reflects D…uska's awareness of the fact that syllables and segments in longer words in Polish tend to be produced at a higher rate than corresponding elements in shorter words (1932: 9) . The phenomenon has become known as 'polysyllabic shortening', and has been reported and measured for English, as well as for other languages, such as Swedish (e.g. Lehiste 1972 , Lindblom & Rapp 1972 , Turk & Shattuck-Hufnagel 2000 . Direct comparison of identical consonants within the same token also has another obvious advantage: it circumvents the problem of crosscategory variation (cf. §3.1.2 below), as well as inter-and intraspeaker variation. It also has limitations, some of which were pointed out by D…uska. The consonants compared were phonemically identical, but did not occur in the same vocalic context, which could have some impact on the differences reported. Pairwise comparison, as in the examples mentioned above, allows us to trace potential differences in duration between any two prosodic positions. However, some positions were underrepresented in the study, or sometimes entirely absent, because the dataset did not include examples containing identical consonants in these positions. This does not allow to verify the validity of some of the reported patterns using a modern paradigm. Specifically, trochaic rhythm in sixsyllable or longer words, which was claimed to be signalled by onset lengthening in the third syllable, was documented by examples such as niepowetowana ["¿EpO"vEtO'vana] 'irreparable (NOM SG FEM)', karykaturalne ["karî"katu'ralnE] 'caricature (NOM SG NEUT ADJ)' and nie powytrzepywaL ["¿EpO"vît»E'pîvaw] 'he has not dusted', which allow direct comparison of the onset of the third syllable with the onsets of the penultimate, the initial and final syllables respectively (see (3)). However, there were no examples such as ananasowego ["ana"nasO'vEgO] 'pineapple (GEN SG ADJ)', where the third syllable (a potentially strong position) could be compared directly with the preceding syllable (a weak position) to verify the hypothesis of alternating stresses. The examples in (3) serve as an illustration of the limited scope of D…uska's pairwise comparisons and the fact that the relative lengthening of the onset of the third syllable was observed especially in comparison with the final syllable (3c). It is interesting to note, however, that in some tokens the third syllable exhibited a longer onset than the penult; e.g. example (3a) for speaker A. D…uska's (1932) findings on rhythmic stress were not confirmed by two later acoustic studies using more advanced computer-based tools, Dogil (1999) and Newlin-Kukowicz (2012) , which differ considerably with respect to the amount of data analysed and the scope of the investigated patterns.
Dogil's study investigated acoustic correlates of secondary stress in two separate small-scale experiments. The first experiment addressed the issue of the phonetic underpinnings of degrees of stress, and was based on a single six-syllable word, marmoladowymi ["marmO"ladO'vîmi] 'marmolade (INSTR PL ADJ)', produced by three male speakers in three different contexts: no focus, broad focus and narrow focus. (No information was given about the area of Poland from which the speakers came.) Measurements were conducted for nine tokens (3 speakers ú 3 positions), which were elicited using a constructed dialogue paradigm. 5 The acoustic parameters under investigation were F0 (average, minimum, maximum, variability), intensity (average, minimum, maximum, variability), syllable duration and vowel quality (presence vs. absence of vowel reduction). The duration of onset consonants was not taken into consideration as a potential stress correlate. Measurements were conducted for all six syllables of the word, with parameter values averaged over the three speakers. In nofocus position, the only acoustic parameters which correlated with the penultimate syllable carrying main stress were maximum F0 and a steep F0 slope. The initial syllable was reported to be characterised by increased length and absence of vowel reduction. These characteristics of the initial syllable were found regardless of the presence or absence of focus. No prominence effects were found in the syllable la, traditionally associated with word-internal subsidiary (tertiary) stress. Under broad focus, no position was characterised by pitch accent. Under narrow focus, the positions of primary and secondary stresses were reported to be switched, i.e. it was the initial syllable that had higher F0 values. In sum, no contextinvariant correlates of word stress were discovered, leading to the conclusion that the initial and penultimate positions were merely landing sites for the intonational pitch accent (Dogil 1999: 291) . With respect to rhythmic stress, no acoustic correlates of word-internal prominence were identified.
The second experiment focused on two identical syllables, -po.po-, in three different grammatical forms of the same lexical item, 'hippopotamus': hipopotam (NOM SG), hipopotama (GEN SG) and hipopotamami (INSTR PL). The addition of inflectional endings makes the word longer, and changes the rhythmic relations within the -po.po-sequence. 6 The study was based on 27 tokens (3 words ú 3 speakers ú 3 repetitions), produced in the frame 'I said … twice'. The parameters and the averaging methods were the same as in the first experiment. The results indicated 5 The target sentence containing the word marmoladowymi (Taca z marmoladowymi ciastkami le&y na stole 'The tray with marmalade cookies is on the table') was elicited in response to the investigator's questions focusing on one of the constituents of the sentence. 6 Dogil's transcription of the word hipopotama (hi$popo!tama, rather than $hipopo!tama)
is not consistent with the Polish bidirectional stress pattern. According to the traditional literature (e.g. D…uska 1974) , stressing the second rather than the initial syllable can only result from splitting the prosodic word into two separate units, a rare phenomenon enforced by poetic metre. It is not expected to occur in ordinary speech under normal conditions; see D…uska (1974: 18-20) on prosodic splits (zestroje rozpadowe) and prosodic contractions (zestroje ÷ciˉgni˜te) in speech vs. poetry.
that secondary stress was absent: it was not implemented by any of the phonetic cues under investigation. Additionally, the same three words were recorded using an electromagnetic articulographic technique. In this part of the experiment, eight repetitions of the words were produced by a single speaker (giving a total of 24 tokens). No significant differences were discovered in the articulatory trajectories. Although the two studies were admitted to be 'limited both with respect to number of speakers and number of tokens', the result was claimed to be 'rather peculiar given the clear intuition in favour of trochaic rhythm expressed by many Polish phonologists ' (1999: 304) . Newlin-Kukowicz's (2012) acoustic study of secondary stress was based on a vast amount of data, analysed using powerful inferential statistics. The data were collected in a word-list reading task. The word-list contained 100 single-root words and 38 compounds. From a methodological point of view, compounds exhibit a superset of the problems relating to single-root words (see note 1); these will be ignored in what follows. Single-root words were divided into four-, five-and six-syllable words. Six-syllable words are of particular interest for the present study, because iteration of subsidiary stress can only take place in these words. These were the smallest subset, containing only ten items (see the supplementary materials to Newlin-Kukowicz 2012). 7 The word-list was read three times by ten speakers. (As already mentioned in §1, none of the speakers came from central or southern Poland, the only areas for which rhythmic stress has been successfully detected thus far.) The acoustic analysis focused mostly on vowel parameters: vowel duration, maximum intensity and F0 (split into maximum, change and slope). The expectation was that subsidiary stress would be cued acoustically by the same parameters as primary stress, or at least by a subset of these parameters. The effect of syllable position on potential stress parameters was tested statistically with a series of mixed-effects regression models, fitted separately for each parameter.
In general, the results of the study confirmed the status of the penultimate syllable as the most prominent prosodic position. The penult was characterised by increased values for most parameters under investigation: it had longer duration than other positions (except for the pretonic position in the subset of high vowels) and the highest maximum intensity (a property it shared with the initial syllable), as well as the largest pitch slope and pitch change (a property it shared with the final syllable). 8 In contrast, the syllable positions traditionally associated with lower levels of stress, the initial syllable in four-, five-, and six-syllable words and the third syllable in six-syllable words, were reported not to show much acoustic prominence. Indeed, the third syllable in six-syllable words had lower values for all the parameters than the second syllable. Interestingly, initial 7 Available at https://doi.org/10.1017/S0952675712000139. 8 The largest pitch change was seen in the penultimate but not in the final syllable only in the case of the low vowel /a/ (Newlin-Kukowicz 2012: 297). The two syllables also differed in the preferred direction of pitch excursion.
position did show some prominence effects: most conspicuously, it exhibited the largest maximum intensity of all syllable positions, except the penult. However, Newlin-Kukowicz (2012: 301) tentatively discards the possibility that the heightened intensity could underpin secondary prominence in favour of the interpretation that it is merely a 'word-boundary effect' based on amplitude declination unconnected to stress. In sum, the presence of secondary stress on the initial syllable is rejected not because of the lack of certain stress-related acoustic effects in this syllable, but because no similar effects were discovered word-internally. Thus the argument against rhythmic stress in Polish, and, by implication, bidirectional systems in general, hinges on the purported absence of stress in one position, i.e. the third syllable of six-syllable words. Although Newlin-Kukowicz's study is based predominantly on vowel parameters, she also considers consonantal length to be a potential correlate of subsidiary stress. Measurements of consonantal duration were based on 18 single-root words, repeated three times by ten speakers (a total of 481 tokens). The sound measured was [b] in intervocalic context. Thus, similarly to D…uska (1932) , the tokens compared belonged to a single consonantal category. However, the comparison of raw duration values was conducted across word tokens, and not within a single prosodic word. This potentially creates a bias against six-syllable words, in which syllables and segments tend to be shorter regardless of prosodic position, because of the faster speech rate in longer words. As in all other analyses, random intercepts of Speaker and Item were included. The latter was supposed to help control the variation caused by differences in word length. However, an additional observation that can be made on the basis of the word-list provided is that six-syllable words in this analysis were underrepresented in comparison to four-and five-syllable words. The dataset contained only three six-syllable words with the sound [b], representing only two syllable positions out of five for which the measurements were conducted. Among them, there was only one six-syllable word with [b] potentially bearing tertiary stress: nagabywanego ["naga"bîva'nEgO] 'chat up (GEN SG PAST PART)'. The remaining two six-syllable examples were banalizowali 'trivialise (3PL PAST IMPERF)' and banalizowanie 'trivialising (N)', both with [b] in the onset of the initial syllable. There were no tokens with [b] in the onset of the second syllable to control for the polysyllabic shortening effect. The major findings obtained through a mixed-effects model were as follows (2012: 290-291) . Onsets of initial syllables were on average 8.5 ms longer than those of the baseline (i.e. the penultimate syllable; M = 76.6 ms). Onsets in the third syllable of six syllable words, traditionally associated with iterative rhythmic stress, were reported to be shorter than those in other syllable positions. However, the differences were not statistically significant. Also, they were claimed to be smaller than the smallest 'just noticeable difference' posited in the literature, i.e. 10 ms (Klatt 1976) . In short, no prominence effect of consonant duration was detected, and Newlin-Kukowicz interprets the lengthening of word-initial onsets as yet another word-boundary effect.
Summing up, the two recent studies employing relatively advanced instrumental techniques and/or statistics shed some light on the role of vowel parameters in defining stress levels in Polish. Despite the methodological differences, for the vowel in the word-initial syllable traditionally associated with secondary stress they both find heightened parameter values, although the reported parameters are different for each study (duration and lack of reduction vs. maximum intensity). This suggests that Polish has a 'hammock' (Elenbaas & Kager 1999: 309) or 'dual' (Gordon 2002: 495ff ) stress system, a claim further supported by the fact that word-initial prominence -expressed in terms of yet another parameter, consonant duration -is also reported by D…uska (1932) . They also seem to confirm that the acoustic underpinnings of tertiary stress are not likely to be found in vowels. Because there has been as yet no attempt to replicate D…uska's successful detection of subsidiary stress in a contemporary framework, the issue of whether this type of stress is illusory or physically real has not been resolved.
Intuitively, given the regular rhythmic structure of six-syllable words, it would not be at all surprising if the beat perceived on the third syllable were purely epiphenomenal, an image of a trochee built from the properties of the context rather than a real object itself (cf. Hawkins 2010 on illusory 'auditory objects'). But it is also possible that word-internal subsidiary prominence is a real effect, but too subtle to emerge in calculations based on the across-token baseline to which estimates for the means corresponding to particular positions are compared. Above all, comparisons based on raw duration values carry a risk of the prominence of the third syllable in six-syllable words being masked by the polysyllabic shortening effect.
Consider the example in Fig. 1 as an illustration. The data come from recordings conducted for the purpose of the present study, and represent two word tokens produced by a single speaker (male; aged 23): ananasowego ["ana"nasO'vEgO] 'pineapple (GEN SG ADJ)' and ananasowy ["anana'sOvî] 'pineapple (NOM SG ADJ)'. The two words differ in the number of syllables (due to the different inflectional endings: -ego vs. -y), and hence also in terms of their rhythmic structure. If iterative stress is not illusory, we expect the onset of the third syllable to be longer than the onset of the second syllable in ananasowego, but not in ananasowy. Because the two words contain two identical consonants (dental nasals), D…uska's method of direct comparison of consonants in different positions within the same prosodic word can be applied. In ananasowego (Fig. 1a) , the duration of [n] is 57 ms in the unstressed second syllable, and 83 ms in the stressed third syllable, a difference of 26 ms. In ananasowy (Fig. 1b) , both n's occur in prosodically weak positions, and have approximately the same length, 77 ms vs. 75 ms. In short, the prediction about the length difference in the two words is borne out. Applying the across-token analysis to the same data, we obtain a result that underestimates the real difference: the average duration of n in the second syllable is 67 ms, so the stressed n of ananasowego is only 16 ms longer than the baseline. Suppose the real difference between the unstressed and stressed n in ananasowego was 20 ms, i.e. the duration value was 57 ms for the unstressed n and 77 ms for the stressed n (not 83 ms as in Fig. 1 ). The stressed n would be 'on average' only 10 ms longer than the unstressed n of the second syllable. This shows that comparison against the global baseline is not necessarily a good method for detecting subtle local effects of a relative kind. In such cases, relative measures might be a good solution, since they ensure that the local differences are not irretrievably lost in the averaging procedures. Notice also that the lengthening effect in Fig. 1 is not so obvious if judged solely on the basis of the third syllable: in ananasowego, the stressed n is only 8 ms longer than its unstressed counterpart in ananasowy. The difference in duration is much better seen in the preceding syllable, where the unstressed n is 20 ms shorter in the six-syllable word, i.e. in the context of a following stressed syllable. This indicates that a syllable is stressed not simply because its acoustic parameters oscillate around some threshold values, but primarily because it has higher values for these parameters in comparison to neighbouring syllables within a single prosodic domain. Such an interpretation is compatible with the standard definition of 'stress' in the phonological literature as relative prominence (e.g. Liberman & Prince 1977) .
The issue of relative measures may be particularly important from the point of view of investigating the stress pattern of Polish, a language in which even primary stress has been acknowledged to be perceptually robust but acoustically weak. On the one hand, native speakers of Polish do not exhibit the strong 'stress deafness' characteristic of speakers of other languages with predictable stress (Peperkamp & Dupoux 2002 , Peperkamp et al. 2010 . Traditional descriptions of word stress in Polish are unanimous in pointing out its dynamic character, and in defining the difference between stressed and unstressed syllables mostly in terms of 'strength' or 'power' (e.g. Benni 1923 , Szober 1923 , Doroszewski 1952 , D…uska 1974 ). This suggests that intensity is the main acoustic correlate. On the other hand, acoustic studies of primary stress in Polish are often inconclusive with regard to the hierarchy of the parameters underpinning stress, or arrive at findings which completely contradict earlier impressionistic descriptions, and are typologically bizarre. While Newlin-Kukowicz (2012) reports that all the classical stress parameters (F0, intensity, duration) are involved in marking primary prominence at the word level (albeit non-uniquely), Dogil (1999) reports none, associating the penultimate position with an intonational pitch accent. In an acoustic study based on word-list data as well as spontaneous utterances, Jassem (1962) conducts measurements of F0, intensity and duration in syllables, and concludes that Polish is a tonal language. In contradistinction, Kukaszewicz & Rozborski (2008) , on the basis of naturalistic data and focusing on standard vowel parameters, establish a hierarchy of acoustic correlates (via a discriminant analysis) which shows more compatibility with impressionistic descriptions: mean intensity > mean F0 > duration. 9 These discrepancies indicate the rather ephemeral and evasive nature of primary stress in Polish. This characteristic leaves little space for distinguishing several intermediate prominence levels, especially if we expect the differences to be expressed along a single acoustic dimension. In the light of the above, relative measures seem indispensable to ensure that subtle local prominence relations are reflected most faithfully. In the present study, a normalisation procedure known as the Pairwise Variability Index is chosen as a convenient expression of local durational differences (see §3.1.5 below). In addition, the focus is on consonant 9 To my knowledge, this is the only acoustic study of primary stress in Polish based exclusively on spontaneous speech tokens (1044 vowels) and measurements of vowel parameters (F0, intensity, duration) expressed in proportion to the average value of a given parameter within a given word token (cf. Beckman 1986 , Levi 2005 .
duration rather than vowel parameters, which are considered only to (dis-) confirm previous results using more detailed methods. Contrary to common belief, primary and subsidiary prominence may not be signalled by the same cues.
3 The current study 3.1 Method 3.1.1 Participants. Ten native speakers of Polish (five men and five women; mean age=33.5, SD = 10.1) participated in the experiment. None of the speakers reported having speech or hearing disorders. All of the participants spoke standard Polish, had been born in Warsaw and had lived there continuously or for most of their lives. All had university degrees, and had some familiarity with foreign languages (usually more than one).
3.1.2 Stimuli: a paired design. The list contained 68 words, making up 34 pairs (listed in Appendix A in the online supplementary materials). 10 Each pair consisted of a five-syllable word (the unstressed condition) and a corresponding six-syllable word (the tertiary stress condition): e.g. $pomido!row+y -$pomi$doro!w+ego. Apart from the suffix, the segmental content of the two words was identical. 11 For all speakers, the list of 68 words was randomised, to avoid order effects.
The paired design allowed us to circumvent the problem of variation in length caused by the intrinsic durational properties of different vowels and consonants, as well as shifts in length caused by differences in segmental contexts (for discussion of the impact of these factors on segment duration in English, see Peterson & Lehiste 1960 and Lehiste 1970, for example) . In this study, the expected variation within the group (consonant duration in a particular position) is larger than the expected difference between the two groups (unstressed vs. tertiary stress). The two sets of duration measurements (unstressed vs. tertiary stress) are also expected to correlate strongly with each other.
For example, in the recorded tokens of recytatorski -recytatorskiego, the average length of the affricate [ts] (orthographic c) in the onset of the second syllable in the intervocalic context is 113.9 ms (SD = 12.3), while the average length of the alveolar nasal [n] in exactly the same position in konusowaty -konusowatego and ananasowy -ananasowego is only 65.9 ms (SD = 12.2). Thus, on average, the affricate is 48 ms longer than the nasal in the same position. Direct comparisons across different segmental categories and/or different segmental contexts are thus irrelevant for detecting a difference between the groups (stressed and unstressed positions) that could be as little as 10 ms, the lowest just noticeable difference (JND) usually assumed in the literature. 12 It is clear that if tertiary stress is manifested by enhanced consonant duration, this effect is more likely to be detected by comparison within a single consonant category than across different categories. Needless to say, normalisation across categories, contexts and speakers would not be feasible.
Another important issue is the well-known tendency of segment length to vary in inverse proportion to word length in Polish (D…uska 1932: 9) . Syllables and segments in six-syllable words tend to be shorter than their equivalents in five-syllable words. Thus, when juxtaposing the duration of a given segment in a five-syllable token and the corresponding segment in the paired six-syllable token, it is necessary to use relative rather than raw duration measures. As already mentioned, I use the Pairwise Variability Index (PVI) as a convenient expression of relative length: the length of a segment is expressed in relation to the length of the preceding segment (for details see §3.1.5 below), in order to account for potential polysyllabic shortening effects.
Care was taken to select words containing CV syllables rather than syllables with codas or complex margins, as the presence of both singletons and clusters would increase variation in length in consonantal and vocalic intervals. However, both codas and complex syllable margins are very frequent in Polish, and can scarcely be avoided. Because the consequences of including both singletons and clusters in a paired design did not seem very severe, some examples with clusters were included. In 61% of the words (21 out of 34 pairs), the first three syllables exhibit the canonical (C)V structure (e.g. ko.nu.so.wa.ty -ko.nu.so.wate.go, o.pa.tu.lo.ny -o.pa.tu.lo.ne.go). In the remaining examples, consonantal intervals are complex, due to the presence of a coda or a complex onset in the word-initial syllable, e.g. am.pu.to.wa.ny -am.pu.to.wa.ne.go and pro.du. ko.wa.ny -pro.du.ko.wa.ne.go. The study focused on the second and third syllables, as it was designed primarily to investigate the underpinnings of word-internal stress. 97% of these syllables (66 out of 68 pairs) are of the CV type.
3.1.3 Experimental procedure and apparatus. All recordings were made in Warsaw. The speakers were recorded individually, reading the list of 68 words from two sheets of paper, in a random order. The carrier phrase was PowiedziaLa _ po raz drugi ('She said _ for the second time'). The recordings were made in a quiet room, with an H4 Zoom portable recorder set at a sampling rate of 44.1 kHz and an AT897 microphone positioned approximately eight inches from the speaker's mouth. Participants were 12 There is no literature on JNDs specific to Polish, so the threshold of 10 ms can be assumed only tentatively. The results are not subject to straightforward interpretation, as they depend on many different factors. However, it is generally agreed that, in the range of durations between 30 and 300 ms, JNDs are between 10 and 40 ms, although the limit of perceptibility under optimal conditions may be much smaller (Lehiste 1970: 13) . The same duration difference limens are assumed in more recent work (Fletcher 2010: 526 ; see also the literature cited therein).
given time to familiarise themselves with the stimuli before the experiment started. They were encouraged to speak naturally, at their normal speaking rate and volume, and, in case of any mispronunciation or hesitation, to repeat the whole phrase before moving on to the next one. They were allowed to take a break if needed. They were also instructed not to lean towards or move away from the microphone during the recording. The task was described as 'conveying short messages in a neutral unemotional fashion'. The purpose of the study was not revealed prior to the experiment.
3.1.4 Segmentation. A high-resolution waveform editor (Sound Forge) was used to mark boundaries between the consonants and vowels in the first three syllables of each word. The segmentation was carried out on the basis of expanded waveforms, and was based on three criteria: (i) visual examination of the waveform, i.e. detection of abrupt changes in the amplitude and shape of successive glottal pulses, (ii) visual inspection of the spectrogram in Praat (Boersma & Weenink 2015) and (iii) auditory perception. The boundaries of vowels were aligned with glottal periods, i.e. they were marked at zero crossings, so that each excised segment contained a complete number of cycles. Care was taken to apply uniform segmentation criteria across all tokens. The outcome of the segmentation procedure is exemplified in Appendix B. Of the 3900 segment tokens (10 speakers ú 68 words ú 6 segments minus 10 speakers ú 18 words containing word-initial onsetless syllables), a handful (less than 1%) had to be rejected because the amount of coarticulation between adjacent segments made segmentation unfeasible. In the analysis including initial onsets, a further two tokens were discarded because they contained a short pause before the voiceless stops k and p. 13 In addition, tokens containing word-initial onsetless syllables, as well as those with onset clusters, were systematically omitted, and syllables with complex onsets were also omitted in the overall analysis of vowels.
3.1.5 Measurements and the PVI calculation 3.1.5.1 Duration. Six duration measurements were taken in each token (the measurements were generated automatically, using a Praat script). The segments measured were the consonants in the onsets of the first, second and third syllables and the following vowels. Raw duration values were then used to calculate PVI values, using the formula in (4).
where d is the duration of the kth segment in a word
The PVI is the difference in duration for any two adjacent segments (or syllables), divided by the average duration for those segments (or syllables), multiplied by 100 (Low et al. 2000 , Ballard et al. 2010 , Ballard et al. 2012 , Arciuli et al. 2014 ). 14 It is one of several normalisation procedures which have been proposed as rhythm metrics in the literature (cf. Ramus et al. 1999 , Low et al. 2000 , and is generally utilised to analyse the degree and direction of stress across syllables of a word. It is usually calculated for vowels and consonants separately, with individual results (obtained via the formula in (4)) summed up and averaged, giving a global rhythm metric (e.g. Low et al. 2000: 383) . The PVI in (4) is a local measure, as used in Arciuli et al. (2014) . Values approaching zero indicate nearly equal prominence, as in (5a), while values larger than zero signify differences in prominence. The greatest difference between the two elements is when one of them approaches zero. In such cases, depending on the direction of contrast, peak PVI values would approach …200 or 200, as in (5b).
PVI values in relation to the smallest/greatest contrast a. smallest contrast: dk=dk+1 absolute PVImax=|±200| b. greatest contrast (negative or positive): dk=0 or dk+1=0
In this study, PVI-duration values were used to measure both the magnitude and direction of contrast. The ± sign is therefore preserved in all calculations (cf. Arciuli et al. 2014 , where absolute |PVI| values are used to express the magnitude of contrast only).
Three kinds of PVIs were calculated for the #C1V1.C2V2.C3V3 string: (i) PVI at a V.C juncture (PVIdur(V.C)) -the duration of the onset consonant in relation to the immediately preceding heterosyllabic vowel, (ii) consonantal PVI (PVIdur(C.C)) -the duration of the onset consonant in relation to the onset of the immediately preceding syllable, and (iii) vocalic PVI (PVIdur(V.V)) -the duration of the vowel in relation to the vowel of the immediately preceding syllable. The full details of the PVI formulas used to express normalised duration within the #C1V1.C2V2.C3V3 string are given in (6). In order to capture all potentially relevant local temporal relations across the entire string, two PVI values of the three types were obtained for each token: one calculated on the basis of the second and third syllables (6a, c, e), the other on the basis of the initial and second syllables (6b, d, f). 
PVIs at V.C junctures
PVIdur(C2.C3)=100X((C2®C3)/((C2+C3)/2)) c.
Consonantal PVIs
PVIdur(C1.C2)=100X((C1®C2)/((C1+C2)/2)) d.
PVIdur(V2.V3)=100X((V2®V3)/((V2+V3)/2)) e.
Vocalic PVIs
PVIdur(V1.V2)=100X((V1®V2)/((V1+V2)/2)) f.
In general, if Polish has tertiary stress, six-syllable words are expected to exhibit significantly lower PVI values for the second and third syllables than the corresponding five-syllable words (a, c, e). The numerator part of the PVI formula (i.e. dkJdk+1) is hypothesised to be consistently smaller in six-syllable words than in corresponding five-syllable words, because we expect a larger dk+1 value (the length of the onset consonant or the vowel of the third syllable) and, possibly, also a smaller dk value (the length of the preceding unstressed onset or the length of the preceding vowel). Simultaneously, no such decrease should be observed for PVI values based on the first and second syllables which are defined as prosodically the same in both types of words (b, d, f).
The experiment was designed to test the hypothesis of tertiary stress by comparing segmentally identical material from five-and six-syllable words (i.e. the unstressed and the tertiary stress condition respectively). Only formulas (6a, c, e) are directly relevant to this hypothesis, because they refer to segmentally identical but prosodically different conditions. However, for PVIs at a V.C juncture, both PVIdur(V2.C3) (6a) and PVIdur(V1.C2) (6b) were calculated. This was done to separate local tertiary stress effects from general contraction effects in six-syllable words, which potentially could have more impact on vowels, and thus produce an artificial decrease in PVIdur(V2.C3) (a rise in relative consonant length in a six-syllable word unrelated to stress). If the hypothesis of tertiary stress is borne out, a decrease in PVIdur(V2.C3) should be observed, but not in PVIdur(V1.C2). As PVIdur(V2.C3) expresses duration of the onset consonant with respect to the preceding vowel and in proportion to the whole V.C string, a decrease in its value, indicating tertiary stress, subsumes three scenarios: (i) consonant lengthening, (ii) shortening of the preceding vowel and (iii) consonant lengthening combined with shortening of the preceding vowel. All three cases are attested in the data (see Appendix B).
As pointed out by anonymous reviewers, it would also be interesting to see if both levels of subsidiary stress in Polish are cued by consonantal or vocalic duration (or other vowel parameters; see §3.1.5.2). In order to test a more general hypothesis of consonantal vs. vocalic rhythm, consonantal and vocalic PVIs were also calculated for the first and second syllables to include the secondary stress condition, using formulas (6d) and (f). PVI values obtained via these formulas were further multiplied by …1 to obtain the additive inverse of these values. This is equivalent to changing the order of elements in the denominator, resulting in (C2JC1) and (V2JV1) respectively. As a result of this adjustment, the consonantal and vocalic PVIs for all three conditions (secondary stress, tertiary stress, unstressed) could be expressed in relation to the same element (C2 or V2), ensuring minimal comparability among the conditions. However, the secondary stress position remained segmentally unrelated to the other two positions. To resolve a potential segmental confound, an additional analysis based on a single consonant category was conducted; see §4.1.5 for clarification.
3.1.5.2 F0 and intensity. Mean F0 and intensity measurements were obtained automatically, using Praat scripts. F0 was measured in terms of the autocorrelation method, with different settings for the pitch floor and ceiling for male and female speakers: 75-300 Hz and 100-500 Hz respectively. The outcome was inspected for possible octave-jump errors. Intensity was measured with the same pitch floor as used in pitch measurements.
Standardised PVIs for F0 and intensity were calculated in accordance with the formulas in (7), in order to express the difference between vowels in the adjacent syllables in semitones (ST) and decibels (dB) respectively.
Formulas for relative standardised F0 and intensity a. where F0k is the mean F0 of the kth vowel in a word, expressed in Hz b. PVIint=20log(pk/pk+1)=dBk®dBk+1
where pk is the mean pressure of the kth vowel in a word, expressed in Pa 3.1.6 Hypotheses of the current study. The first subset of hypotheses to be tested is given in (8).
(8) a. There is tertiary stress in six-syllable words marked by a decrease in PVIdur(V2.C3) relative to five-syllable words. b. There are contraction e‰ects in six-syllable words leading to reduced length in vowels marked by a decrease in PVIdur(V1.C2) relative to five-syllable words. c. There is tertiary stress in six-syllable words marked by a decrease in PVIdur(C2.C3) relative to five-syllable words. d. There is tertiary stress in six-syllable words marked by a decrease in PVIdur/F0/int(V2.V3) relative to five-syllable words.
The null hypotheses are that the PVI difference is 0 (a=0.05), while the alternative hypotheses are that it is not.
In addition, the two general hypotheses mentioned in §3.1.5.1 concerning consonantal vs. vocalic rhythm were tested. The prediction is that syllables bearing secondary and tertiary stress will exhibit onset consonant lengthening and/or heightened vowel-parameter values relative to unstressed syllables.
3.1.7 Statistical analyses. All data were analysed using SPSS (version 23). The statistical analyses were divided into two parts. First, a series of linear mixed effects (lme) models were fitted, to compare the corresponding PVI values in two conditions: five-vs. six-syllable words. This was done to test hypotheses (8a-d) above. Second, separate lme models were used to test the more general hypotheses concerning consonantal vs. vocalic rhythm.
In the first set of analyses ( §4.1.1- §4.1.4), the words in each pair were coded as a single 'item'. This was done to account for different combinations of segments yielding disparate PVI values, dependent on intrinsic differences in length and independent of the stress pattern. Thus 'item' was understood as a particular segmental sequence, recurring in two conditions, the five-vs. six-syllable word, rather than as 'an item in a word-list'. Since PVIdur(V2.C3), PVIdur(V1.C2), PVIdur(C2.C3) and PVIdur(V2.V3) values were considered as dependent variables in separate analyses, the two values of the fixed-effect term 'condition' were interpreted as prosodically different (tertiary stress vs. unstressed) or prosodically identical (secondary stress) conditions, depending on position.
In the second set of analyses, overall PVI values were compared ( §4.1.5.1). The paired sequences within a given pair of words were coded as single 'items', and the fixed-effect term 'condition' was assigned one of three values: secondary stress, tertiary stress, unstressed. The corresponding sequences for 'tertiary stress' and 'unstressed' were coded as single items; the sequences for 'secondary stress' were coded as separate items, because they were segmentally unrelated to the other two conditions. In cases reaching significance, pairwise comparisons based on estimated marginal means, with Widák adjustment for multiple comparisons, were further applied, to determine which stress conditions were significantly different from each other.
In all analyses, except for those involving PVIF0, 'condition' was the only fixed-effect term, because using relative measures as well as pairing identical sequences obviated the need for including such effects as Vowel height and Gender. 15 In the analysis with PVIF0 as the dependent variable, the interaction term Gender ú Condition was included as a statistically significant predictor (see §4.2).
To account for non-independence (e.g. Pinheiro & Bates 2000 , Baayen et al. 2008 , three random effects were considered, encompassing all the three types of 'repeated' or 'replicated' measures occurring in the experiment: Speaker, Item and Item ú Speaker. The competing models were compared in terms of likelihood ratio tests, using the restricted maximum likelihood (REML) estimation method. Speaker-specific slopes for the fixed effect 'condition' proved unnecessary, hence random intercept models were constructed. In all the analyses, except for those involving consonantal PVIs, the best fit was achieved by lme models with random intercepts for Speaker, Item and Item ú Speaker. In the case of consonantal PVIs as dependent variables, only the random intercepts for Item and Item ú Speaker were used. The random intercept for Speaker was discarded, as it did not contribute significantly to the model's goodness of fit (cf. for PVIdur(C2.C3): c2(1) = 0.472, p=0.492; for the overall PVIdur(C): c2(2) = 1.58, p=0.455).
For all the models, p-values were established in two ways. First, the models were evaluated with likelihood ratio tests, using the maximum likelihood estimation method. Two nested models differing only in their specification of the fixed-effect term 'condition', a full model (with 'condition') and a reduced model (without 'condition'), were compared using the standard c2 distribution reference. Second, p-values were obtained from the SPSS tests of fixed effects using the Satterthwaite approximation to degrees of freedom. (V2.C3) ). The lme model for PVIdur(V2.C3) indicated a highly significant effect of stress (c2(1) = 163.221, p<0.0001). The PVI difference between five-syllable words (the unstressed condition) and six-syllable words (the tertiary stress condition) amounted to 18.39; see Table I . (The reference category in Table I is the six-syllable word, i.e. the tertiary stress condition.)
Experiment results

Duration
Results for the second juncture (PVIdur
The positive value of the difference results from the fact that the PVIdur(V2.C3) values are negative in both five-and six-syllable words, and smaller in the latter group; cf. the estimated marginal means in Table VI in Appendix C. The observed PVI decrease in six-syllable words shows that the onset of the third syllable is considerably longer with respect to the preceding vowel in six-syllable words than in five-syllable words, as shown in Fig. 2 . With the mean raw duration of segments across the second juncture being 67.9 ms, the PVI difference of 18.39 amounts to a 12.5 ms difference in raw duration terms. This result is discussed with respect to optionality of the rhythmic pattern in §5 below.
4.1.2
Results for the first juncture (PVIdur(V1.C2)). For the V1.C2 juncture between the first syllable (with secondary stress in both types of words) and the second syllable (unstressed in both types of words), a small but highly significant effect in the opposite direction was found (c2(1) = 32.063, p<0.0001). The predicted mean PVI difference was …7.4, as in Table II. The negative difference value signifies a PVI increase in six-syllable words. This reveals that consonants in the onset of the second syllable of six-syllable words tend to be slightly shorter with respect to the preceding vowels than their equivalents in five-syllable words (estimated Fig. 3 , and Table VII in Appendix C. Although this result was quite unexpected -it was initially anticipated that there would be no difference between the pair of conditions, rather than a PVI increase in six-syllable words -the discovery of the shortening pattern by no means undermines the hypothesis of iterative stress. On the contrary, it offers further support in favour of the alternating stress pattern in six-syllable words. First, we are dealing with a PVI increase, rather than a decrease. We can therefore be sure that the decrease reported for the following juncture earlier in §4.1.1 does not result from an overall tendency to reduce vowel duration rather than consonant duration in six-syllable words, due to their higher speech rate. Second, the relative shortening of the onset of the unstressed syllable in six-syllable words may occur in anticipation of the following stressed syllable, to enhance contrastivity across the two. As the mean raw duration of segments across the first juncture was 79.4 ms, the PVI difference of …7.40 between five-and six-syllable words amounts to a 5.9 ms difference in segmental length. .C3) ). The outcome of the lme model testing the effect of stress on consonantal PVIs allows us to reject the null hypothesis that no difference between five-and six-syllable words exists (c2(1) = 45.41, p<0.0001; see Table III ). The mean PVIdur(C2.C3) difference between five-and six-syllable words was 8.07, meaning that there was a PVI decrease in six-syllable words, due to the relative lengthening of the consonant bearing tertiary stress. Fig. 4 gives the predicted means for consonantal PVIs in five-and six-syllable words, assuming positive vs. negative values respectively (estimated means 5.4 vs. …2.67; see also Table VIII in Appendix C). The predicted PVI difference of 8.07 translates into the difference in raw duration amounting to 6.8 ms. (In raw terms, the mean duration of consonants in the second and third syllable's onsets was 84.8 ms.) This result is further considered in the light of the optionality of rhythmic stress in Polish in §5 below. (V2.V3) ). The fourth lme model in the first series was built to test the relationship between tertiary stress and vowel duration. The PVI decrease in six-syllable words by 0.58 was only minimal, and did not reach significance (c2(1) = 0.137, p=0.711); see also Table IV and Fig. 5 (as well as Table IX in Appendix C).
Results for vowels (PVIdur
4.1.5 Consonantal vs. vocalic rhythm 4.1.5.1 Overall analyses. The results of two separate lme models testing the effect of stress on consonantal and vocalic PVIs are presented in this section. As mentioned in §3.1.5.1, the PVIs based on the first and second syllables were adjusted: changing the order of arguments to the PVI function in (6d) and (f) had the desired effect of making the second syllable the reference category in all the PVI calculations, so that the first and third syllables could be compared to the second syllable. With the first element now being the same across the PVI formulas, grouping the data into the three categories -secondary stress, tertiary stress, unstressed -could be done on the basis of the prosodic status of the second element featuring in the PVI calculations (i.e. the first and third syllables). For the secondary stress category it was C1 or V1 in both fiveand six-syllable words, for the tertiary stress category C3 or V3 in six-syllable words and for the unstressed category C3 or V3 in five-syllable words.
In the lme model for consonantal PVIs, the effect of stress was highly significant (c2(2) = 53.502, p<0.0001). The estimates of fixed effects showed a highly significant difference between the unstressed condition and the tertiary stress condition (p<0.0001); the difference between secondary and tertiary stress also reached significance (p=0.039); cf. Table V . In multiple comparisons using Widák adjustment (Table XI in Appendix C), the difference between 'secondary stress' and 'unstressed' was significant (p<0.005); however, the difference between the two subsidiary stress positions turned out to be non-significant (p=0.113), although this difference was bigger than the highly significant difference between the unstressed and tertiary stress conditions (cf. Fig. 6 , and Table X in Appendix C). The secondary stress condition (based on the initial syllable) was not segmentally paired with the other two conditions (both based on the third syllable). Thus, unlike the other two conditions, segmental variability could not be accounted for in terms of the intercept model with Item as the random-effect term. (As explained in §3.1.2, comparison of consonants depending on position in Polish demands paired statistics, because the expected differences within a single position are much bigger than the expected differences between positions.) To control for the potential segmental effect in the secondary stress position, an additional analysis was run, using a small subset of data containing the consonant m in the three conditions; see §4.1.5.2. In the lme model for vocalic PVIs, the effect of stress was non-significant (c2(2) = 0.448, p=0.799); see also Tables XII and XIII in Appendix C. The estimates of fixed effects point to very small and non-significant differences between the unstressed and tertiary stress conditions, as well as between the secondary and tertiary stress conditions. This corroborates the findings presented earlier in §4.1.4 that vowel duration is not an acoustic cue to subsidiary stress in Polish (see Fig. 7 ). 
Figure 6
Predicted mean duration for PVIdur(C) (±1 SE) in fiveand six-syllable words, depending on stress. , all appearing in intervocalic contexts. Separate analyses were run for five-and six-syllable words (recall the discussion of ananasowy -ananasowego in §2). Prominence effects were expected in the first syllable (secondary stress) for both types of words and in the third syllable (tertiary stress) for six-syllable words. The second syllable in both types of words and the third syllable in five-syllable words were predicted to exhibit relatively smaller duration values. An lme model with a random intercept for Speaker was employed to test the hypothesis of the relationship between consonant duration and syllable position. Raw duration values were used.
For both types of words, the effect of stress was highly significant (fivesyllable words: c2(2) = 19.253, p<0.0001; six-syllable words: c2(2) = 17.639, p<0.0001), and the initial position was significantly different from all the remaining positions. In multiple comparisons, the difference between the initial (secondary stress) and second (unstressed) syllables was 10 ms in five-syllable words (p<0.005) and 16 ms in six-syllable words (p<0.001). (Temporal enhancement rather than a polysyllabic shortening effect is seen in the secondary stress position in six-syllable words.) The difference of 8 ms between the second (unstressed) and third (tertiary stressed) syllables in six-syllable words also reaches statistical significance (p=0.046). Additionally, a difference of 7 ms was found between the initial (secondary stress) and third (tertiary stress) positions in six-syllable words (p<0.005). The difference between the second (unstressed) and third (unstressed) positions in five-syllable words was non-significant (p=0.711). These results further corroborate the hypothesis of consonantal rhythm, and tentatively indicate that the prominence effect in word-initial position might be slightly larger than in the syllable 
F0
Two separate lme models were built to compare mean F0 in different stress environments. F0 was expressed as a local difference in semitones (PVIF0). The dependent variable in the first model was PVIF0(V2.V3) A PVI decrease was anticipated in six-syllable words as compared to five-syllable words. The second model was fitted to test the overall effect of stress on F0. In this analysis, analogously to §4.1.5.1, the fixed-effect term Condition had three values -secondary stress, tertiary stress and unstressed. The initial lme models also included Gender as the main factor and the interaction term Gender ú Condition. In the first analysis, no effect of tertiary stress on F0 was detected. The analysis established a significant interaction of Gender and Condition (p<0.001), due to a steeper F0 decline (PVI increase) in the third syllable of six-syllable words in male speech. In the overall analysis, the interaction term Gender ú Condition was also a significant predictor (p<0.0001). In multiple comparisons, the secondary stress condition turned out to be significantly different from the other two conditions (p<0.0001). The degree of contrast between the first and the second syllables was smaller than between the second and the third syllables: the predicted mean PVIF0 for the secondary stress condition was close to zero (PVIF0(V1.V2) = 0.01 ST); the predicted overall mean difference (0.50 ST) between the second and the third syllable indicated a slight F0 lowering in the third syllable both in five-and six-syllable words. For male speakers, the F0 lowering in the third syllable was robust only in six-syllable words. The relatively stable F0 pattern across the first two syllables followed by a decrease in the third syllable was also reported in Newlin-Kukowicz's (2012) study. These effects are unconnected with subsidiary stress. -Kukowicz (2012) , and at first glance supports a stress-related interpretation of the raised intensity values in the first syllable. However, the second syllable had a lower amplitude not only relative to the first syllable, but also compared to the third syllable, regardless of stress. In short, heightened intensity values do not lend themselves to a straightforward interpretation, and this matter must be left for future research.
Discussion: theoretical implications
The comparison of PVIs in five-and six-syllable words supports wordinternal prominence effects -tertiary stress is connected with relative lengthening of the onset consonant in the third syllable of six-syllable words. An interesting finding is that the effect in the consonants alone is quite subtle, but is reinforced by changes in the neighbourhood. A sharper decrease in PVIdur(V2.C3) than in PVIdur(C2.C3) is achieved by onset-consonant lengthening, accompanied by shortening of the immediately preceding vowel. The study also reveals a slight temporal enhancement in the environment preceding the third syllable in six-syllable words, as compared to their five-syllable counterparts, showing that tertiary stress is expressed not only by higher parameter values in one position, but also by subtle rescaling of the temporal relations in the syllables before it. (The relative shortening of the onset of the second syllable with respect to the vowel across the first juncture can be seen as an anticipatory change to enhance contrastivity across the first three syllables of the six-syllable word.) However, the vowels of the second and third syllables do not display a difference in relative length depending on stress. Also, higher F0 and intensity values have not been detected for the vowel bearing tertiary stress. In consequence, we can conclude that vowel parameters do not contribute directly to the prominence of the third syllable. In the analysis involving three levels of stress, the unstressed position appears to be different from both the secondary and the tertiary stress positions in consonantal length, but not in vowel-based cues. Rhythmic stress in Polish thus seems unusual not only because it represents a rare bidirectional pattern with internal lapses, but also because it is based predominantly on consonantal rather than vocalic parameters. The p-values obtained for the tertiary stress effect (the PVIdur(V2.C3) decrease and the PVIdur(C2.C3) decrease) are very low (p<10-36 and p<10-10 respectively). This makes the effect extremely significant statistically. However, especially in the case of onset consonant duration relative to the preceding onset (PVIdur(C2.C3)), the mean difference between the tertiary stress condition and the unstressed condition seems to be small when expressed in raw terms: the 6.8 ms difference is below the generally assumed smallest JND (10 ms). When onset duration is expressed relative to the length of the vowel across a syllable juncture (PVIdur(V2.C3)), the mean difference turns out to be somewhat larger: 12.5 ms is above the JND threshold. The problem of small mean estimates can be considered from the point of view of the optionality of the Polish rhythmic stress pattern, which has been acknowledged in the literature (see e.g. Rubach & Booij 1985: 284) , but has not been analysed quantitatively. Figure 9 shows the frequencies of differences within a range of intervals. As can be seen, for both types of relative duration a relatively high percentage of differences fall within the 10-20 ms interval (22% in the case of PVIdur(C2. C3) and 26% in the case of PVIdur(V2.C3)). Differences above 20 ms have a frequency of 21% for PVIdur(C2.C3) and 29% for PVIdur(V2.C3) In sum, differences above 10 ms occur in 43% of tokens in the case of PVIdur(C2. C3) and 55% of tokens in the case of PVIdur(V2.C3). Differences in the opposite direction (below …10 ms) are relatively infrequent: 14% for PVIdur(C2.C3) and 5% for PVIdur(V2.C3) At the same time, both types also show a large proportion of smaller differences around zero, having the effect of lowering the overall mean. If we assume that differences up to 10 ms in either direction are below the perception threshold, the overall proportion of such unnoticeable differences is 43% in the case of PVIdur(C2.C3) and 40% in the case of PVIdur(V2.C3) Although there are no clear criteria for how optional a process can be in order to count as a phonological pattern rather than random noise, some insight into minimal optionality conditions is offered by studies dealing with statistical learning. Peperkamp et al. (2006) implement a statistical algorithm to detect allophonic processes based on complementary distribution, testing its resistance to noise and its capacity to detect optional patterns. In pseudo-language corpora containing 5000 utterances, separation of the real allophonic process from random distributions takes place in the presence of up to 40% of noise, starting from 20% of rule application. If we tentatively adopt these minimal conditions for any kind of phonological process in natural language, the representation of the Polish rhythmic pattern in the phonetic output data seems to be well above the required minimum. Given that the pattern was first observed in 1932, and was considered an optional process even then, the fact that it has survived into modern Polish gives further support to the hypothesis that, at least thus far, it has been sufficiently represented in the speech signal. As the results of this study show, its most conspicuous and stable expression is decrease in PVIdur(V2.C3). Subsidiary stress in Polish is based on consonantal length. Accordingly, the methods used in the research reported here were partially different from those most commonly used in investigating stress patterns based on vowel parameters. A paired design was used to control for differences in intrinsic length (seemingly more disparate in consonants than in vowels); PVI was applied to additionally control for polysyllabic shortening. Among the relative measures posited in the literature (see note 3), PVI, which is a rhythm metric, seems to ensure the most faithful reflection of local temporal relations that lie at the heart of an alternating subsidiary stress pattern. Whether it is necessary to use relative measures in investigating lower degrees of stress, and which measures are most suitable, will need to be established in future research. Still, it seems uncontroversial that if the acoustic robustness of the pattern is uncertain, more elaborate methods may need to be applied in order to conclude that a given pattern does or does not exist.
As mentioned at the beginning of the paper, acoustic studies of lower degrees of stress are much rarer than studies of lexical stress. The available research on secondary stress often points to a lack of acoustic evidence for the stress patterns described in phonological literature. Successful detection of secondary stress has been reported only in a handful of studies (e.g. Rietveld et al. 2004 , Plag et al. 2011 . A commonly expressed concern is that phonological analyses of subsidiary stress are mostly based on impressionistic descriptions rather than solid evidence. For example, Tabain et al. (2014) argue that, contra previous observations by non-native language researchers, there are no acoustic markers of secondary stress in Pitjantjatjara. The original misanalysis is explained in terms of 'stress ghosting', an illusion of stress based on non-native speaker's perception of rhythm. As this is just one of a number of similar patterns which have been disconfirmed by acoustic analysis, the existence of secondary stress itself has been questioned (Tabain et al. 2014: 63) . However, it is not only the 'impressionistic descriptions' but also the 'solid evidence' that can be a problem. In the case of the Polish rhythmic pattern, the impressionistic descriptions could not be an effect of stress ghosting, because they were based on intuitions of phonologists who were native speakers of Polish. D…uska's (1932) kymographic study of consonant duration in more than 500 word tokens was preceded by her initial impressionistic assessment that the cues for Polish subsidiary stress were located in consonants rather than vowels. Thus the lack of vowel-based phonetic evidence of lower degrees of stress in Polish does not point to an illusion of rhythm, but to a misapprehension that all degrees of stress are expressed by higher values of vowel parameters.
The empirical results confirm the iterative character of Polish subsidiary stress. The theoretical implications of these findings are at least twofold. First, the argument against bidirectional stress systems with internal lapses, hinging on the purported non-iterativeness of the Polish stress, has been refuted. The results thus support metrical theories which predict the existence of such systems (e.g. Rubach & Booij 1985 , Kager 2001 , Gordon 2002 , Kraska-Szlenk 2003 , Alber 2005 , Hyde 2008 , however rare such systems appear to be. Apart from Polish, which represents the best-documented case, several other languages have been reported to have similar stress patterns. For example, Piro (Matteson 1965) and Lenakel (Lynch 1978) , with primary stress on the penult and iteration of secondary stresses from the left edge, exemplify the same rhythmic characteristics as Polish. Garawa (Furby 1974) represents the mirror-image pattern, with primary stress on the initial syllable and subsidiary stresses applied from the right edge. In Gordon's (2002: §3.2 .2) factorial typology of stress, Polish, Piro and Garawa are all classified as 'binary + internal lapse' systems, and, mutatis mutandis, are generated in terms of the same constraint set. 'Binary + internal lapse' systems differ typologically from 'binary + clash systems' (Gordon 2002: §3.3 ). Interestingly, the latter have also been shown to be very rare, but their existence has been confirmed acoustically (Gordon & Rose 2006 , Hintz 2006  see the discussion in Newlin-Kukowicz 2012: 324). In optimality-theoretic terms (Prince & Smolensky 1993) , the difference between the two types of bidirectional systems can be expressed in terms of different rankings of the general *CLASH and *LAPSE constraints, banning sequences of stressed and unstressed syllables respectively (Gordon 2002 : 529 and the literature cited therein). If bidirectional systems with clashes are predicted and those with internal lapses non-existent (Newlin-Kukowicz 2012: 324), it is difficult to see 'the inadequacy of the constraint sets that have been used to generate [the latter] systems ' (2012: 323-324) , because both types of systems involve nearly the same rankings, and are only minimally different. The results of the present study thus allow preservation of a symmetric stress inventory containing both bidirectional systems with stress lapses and those with stress clashes.
Second, Newlin-Kukowicz's optimality-theoretic reanalysis of the Polish stress system in terms of undominated *FTFT ('no adjacent feet'; Kager 1994) cannot be correct. It is self-evident that in a stress system that requires maximal binary foot parsing, the mechanism of clash avoidance expressed by *FTFT cannot be utilised. The parsing of five-and sixsyllable words established through acoustic analysis in the present study indicates that Polish is a language which avoids stress clashes, not foot clashes, and thus confirms the metrical analyses of Rubach & Booij (1985) and Kraska-Szlenk (2003) . The foot-parsing supported by the phonetic evidence adduced in this paper is as given in (1), and repeated in (9). 
Summary of conclusions
This paper has adduced phonetic evidence for consonantal rhythm in Polish, supporting traditional descriptions of the Polish stress system and, in more general terms, questioning the validity of the argument against theories of bidirectional foot parsing generating word-internal lapses. It has shown that tertiary stress in Polish is expressed most conspicuously as a PVIdur(V2.C3) decrease -relative lengthening of the onset consonant with respect to the preceding vowel across a syllable juncture. The fact that both vowel shortening and consonant lengthening contribute to the word-internal subsidiary prominence effect indicates that a subtle effect in one position is enhanced by changes occurring in the neighbourhood. Prominence of the third syllable of six-syllable words is also confirmed by a PVIdur(C2.C3) decrease -relative lengthening of the onset consonant with respect to the onset of the preceding syllable. Thus Polish subsidiary stress is not a phonologist's illusion, but a physical entity.
Needless to say, a more complete acoustic description of different degrees of stress in Polish and other bidirectional systems is still required. For Polish, several important issues remain unresolved. With regard to consonantal duration, it would be interesting to see whether (and to what extent) this parameter contributes to the acoustic grounding of primary stress. This would shed light on whether different levels of prominence can be expressed in terms of non-overlapping subsets of acoustic parameters (vocalic vs. consonantal), or rather are more uniformly cued in a multidimensional acoustic space. Left for future research is also the acoustic description of prominence relations in seven-syllable words, which potentially combine iterative and bidirectional characteristics. Relevant to subsidiary stress is also the issue of temporal enhancement vis-à-vis polysyllabic shortening occurring in longer words. Finally, because Polish has been claimed to be the only uncontested example of a bidirectional stress system with internal lapses, more fieldwork is needed on languages whose prosodic systems potentially show similar features, and which, as of yet, remain terra incognita in the phonological literature. For example, according to traditional descriptions, Ukrainian may exhibit an intricate interplay between free lexical stress and rhythmic beats assigned from the opposite word edges, an intuition verified in two instrumental studies by Kukaszewicz & Mo…czanow (2018, to appear) .
